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Abstract 
 
 Wind-induced natural ventilation plays an important role in the fire and smoke safety of a 
refuge floor. This paper reports a computational fluid dynamics study to investigate the effect of 
building wall arrangements on the amount of wind-induced ventilation through a refuge floor 
which is located at the building mid-height. The refuge floor analyzed has a large service core at 
its centre and is surrounded by exterior building walls, which are arranged in nine configurations 
that represent varying degrees of opening to wind flow. Results of computed flow patterns show 
that the wind-induced natural ventilation rate of a refuge floor varies significantly depending on 
the number of enclosing external walls and the incidence wind angle. A refuge floor, having only 
one side open, results in the worst natural ventilation and is not recommended. 
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1.  Introduction 
 
A refuge floor provides a temporary safe place in the escape route of high-rise buildings. 
According to the Building Codes of Hong Kong (1996) a refuge floor has to be provided above 
the 25th storey of a tall building, and an additional refuge floor is required for every other 25 
storeys. The refuge floor has to have a minimum clear height of 2.3 m and at least two open sides. 
This requirement aims for sufficient natural cross ventilation by wind to prevent entering smoke 
from staying persistently inside the floor (Lo, 1998). If smoke accumulates in the refuge floor, 
life and safety of the escapees will be endangered and the refuge floor will fail its purpose. Wind-
induced ventilation is thus a critical issue towards proper design of a refuge floor. However, there 
have been few systematic studies in this area. 
The authors have recently applied wind tunnel tests and computational fluid dynamics 
(CFD) to investigate wind flow past a tall building with a refuge floor at mid-height (Cheng et al, 
2005a, 2005b, 2007). The refuge floor studied had two opposite walls open and had a large main 
service core at the centre covering 50% of the floor area. The presence of a service core is a 
common practice and one as large as 50% floor area is allowed in Hong Kong. The investigation 
results showed that with two walls open, there is a desirable amount of wind-induced cross 
ventilation through the refuge floor at most wind incidence angles to the building. The exception 
is when wind blows normal to the closed walls of the refuge floor, then there is almost stagnant 
flow on the refuge floor. It is thus evident that the arrangement of open walls and the wind 
incidence angle have a governing effect on the wind-induced ventilation rate of a refuge floor 
with a service core at its centre. The purpose of the present paper is to extend the CFD study to 
the cases of one or three open walls on the refuge floor. It is expected that the findings of the 
present study will provide some guidance for the design of refuge floors as well as to pinpoint 
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problematic situations where wind-induced ventilation rate alone is not sufficient to prevent 
smoke logging, and other measures such as mechanical ventilators are needed.  
 
2.  Flow models  
 
 The CFD technique used by the authors has been described previously (Cheng et al, 
2005a, 2005b, 2007). The computational domain is a section of the wind tunnel 3 m wide and 1.7 
m tall. Measurements of flow velocities have been taken in the wind tunnel and used to validate 
the CFD model (Cheng et al, 2005a). Some comparison results between CFD and measurements 
are reproduced here in Fig. 1. 
 The present CFD simulation makes use of the same building model and flow domain in 
the previous study (Cheng at al, 2005a). The building model is a 40-storey square-plan high-rise 
building at a scale of 1:150. The target full-scale building has height H = 125 m and breadth b = 
30 m. The computation domain covers lengths 1H in front and 6H behind the building. A refuge 
floor is located at the 25th storey and has a clear ceiling height of 2.5 m full-scale. A main service 
core, square in plan and covering 50% of the floor area, is present at the centre of the floor. 
Different from the previous study, the floor has one, two, three or all four sides open and Fig. 2 
shows the nine configurations of wall arrangement being studied with possible directions of 
normal wind incidence to the building. 
 The computational domain is discretized by unstructured tetrahedron elements. Smaller 
elements are used near the building and extra refinement is applied near and inside the refuge 
floor. Characteristics of simulated wind in the wind tunnel are used for the boundary conditions 
at inlet to the computational domain. Profiles of mean wind speed and turbulence intensity in the 
longitudinal direction follow the power law as: 
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Steady-state solutions are sought in CFD and the standard two-equation k-ε model (Launder and 
Spalding, 1974) is used for turbulence closure. Mesh generation and flow solutions are carried 
out with the Ansys CFD code (CFX-5 reference manual, 2001). 
 
3.  Results and discussion 
 
 The previous study has shown that the presence of a refuge floor, having two opposite 
sides open, does not lead to significant changes in wind patterns around the building on the mid-
vertical plane (Cheng et al, 2005a). The same observation is made for all the nine cases studied in 
this paper. Thus, results and discussion are presented on the wind flow patterns on the mid-
horizontal plane through the refuge floor of the building (Fig. 3). 
 In Cases i to iii (see Fig. 2), three sides of the refuge floor are surrounded by exterior 
building walls and there is only one side open to outside. In Case i (Fig. 3a), the refuge floor has 
the facade open to the approaching wind. Wind is observed to hit onto the front face of the central 
service core but only a small amount of wind flows into the three corridors bounded by the 
exterior building walls. A big portion of the entering wind is found to escape the refuge floor 
through the ends of the open facade. In Case ii, Fig. 3b shows that low-speed flow circulates 
through the three corridors in the clockwise direction in the figure. This is caused by the external 
flow past the building which separates at the upwind corners and generates highly negative 
pressure towards the windward edge of the open facade. In Case iii, the opening is located at the 
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building’s leeward side. Some ventilation is found in the rear corridor with the open wall. The 
computed flow pattern is not shown for brevity. 
 Fig. 4 shows the distribution of pressure along the centre of the four corridors of the 
refuge floor. The data are shown as pressure coefficient 2
2
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undisturbed wind speed at building height. From the contours of Cp (not shown here), it is 
observed that wind pressure across the corridors is rather uniform and has values very similar to 
that on the corresponding wall of the centre core. In Case i, when wind hits the front wall, Cp on 
the wall has positive values with the highest value (Cp ≈ 0.9) occurring at the centre. Positive 
pressure at fairly constant value (Cp ≈ 0.8) is found inside the three enclosed corridors. In Case ii, 
in which the refuge floor is open to the side facade of the building, negative pressure at Cp ≈ −0.6 
is found inside all four corridors. This value is close to the average Cp values on the open 
sidewall of the building. In Case iii, the open wall is facing the leeward side so that Cp ≈ −0.35 is 
found inside the enclosed corridors. 
 From the computed flow pattern, the amount of ventilation through the refuge floor is 
computed as the rate of inflow through all opening walls of the floor. Fig. 5 shows a comparison 
of ventilation rates for the configurations being studied. The ventilation rate is presented as a 
non-dimensional coefficient: 
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where the integration is performed over all exterior wall openings of the refuge floor for inflow 
only. With only one side of the wall open, Cases i to iii have small ventilation rate. Although 
Case i has the highest value of Cm among the three cases, ventilation is limited mainly inside the 
open corridor (Fig. 3a). If the refuge floor has two opposite sides open to outside (Cases iv and v), 
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ventilation rate depends largely on wind incidence. When the closed walls are normal to wind 
incidence (Case v), the value of Cm is not much greater than Case i to iii. This is because only 
small amounts of flow occur through the two enclosed corridors which are aligned perpendicular 
to the wind incidence direction (flow pattern not shown in Fig. 3 for brevity). Fig. 4 shows that 
both corridors are under uniform pressure at Cp ≈ −0.5 to −0.6. In Case iv, the two enclosed 
corridors are along the wind incidence direction. The computed flow pattern in Fig. 3c shows 
high-speed wind flow through the corridors. Wind pressure along these corridors is not uniform 
with highly negative pressure near the entrance due to flow separation (Fig. 4). The case has been 
studied previously in detail (Cheng et al, 2005a, 2005b, 2007) and the refuge floor is well 
ventilated with a value of Cm several times higher than those in Cases i-iii and v. 
 In Cases vi to viii, only one building wall surrounds the refuge floor. In general, the floor 
is better ventilated than one with two open facades except Case viii when the enclosing wall is 
facing the approaching wind. In Case vi, the enclosed corridor formed by the exterior wall and 
the centre core is parallel to the wind incidence direction. High-speed wind flow is computed to 
flow through this corridor in Fig. 3d. On the other lateral side, wind enters the refuge floor 
through the front open corridor and separates at the upwind corner of the centre core. Without an 
external wall, the separated flow passes outside the building and there exists flow circulation 
around that side of the building. Fig. 4 shows that the two side corridors and the rear corridor are 
under negative pressure between Cp ≈ −0.4 and −0.6. The ventilation rate is about 60% higher 
than Case iv (Fig. 5). Fig. 3e shows the flow in Case vii, in which the bounding wall is at the 
leeward side. Wind flow passes around the central service core and the circulating flow at the two 
side regions covers the two side corridors. This results in a large amount of ventilation and the 
value of Cm is the highest among Cases i-viii. When the bounding wall is at the front (Case viii), 
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wind is forced to flow around the wall. However, without any other bounding walls, flow 
circulation developed behind the wall covers the refuge floor, resulting in a significant amount of 
ventilation with a value of Cm about 40% of that of Case vi. Fig. 4 shows that the front and side 
corridors are under highly negative pressure at Cp ≈ −0.6 while the rear corridor is under Cp ≈ 
−0.4 to −0.6. As expected, the highest ventilation rate is found for the fully open refuge floor in 
Case ix (Fig. 5). The computed flow pattern, shown in Fig. 3f, shows that the high ventilation rate 
occurs due to the unobstructed entrance at the front and having no bounding walls on two sides or 
rear hindering the coverage of flow circulation around the central service core. 
 The above discussion is based on the ventilation coefficient. Evidence suggests that it is 
the physical ventilation flow rate that actually prevents smoke logging of the refuge floor. From 
Eq. (3), the physical flow rate is expected to be linearly proportional to the prevailing wind speed. 
Thus, it is necessary to combine the statistical wind climate model with the ventilation coefficient 
in order to arrive at an assessment of risk of smoke logging due to insufficient ventilation. The 
assessment will be in form of the percentage of time during which the physical ventilation rate is 
below a certain threshold level insufficient to prevent logging of smoke of certain intensity. This 
will help in deciding the provision of back-up mechanical ventilation on the refuge floor. As 
wind can flow at all possible directions to the building, it is necessary to study further the 
ventilation rates at wind angles other than normal incidences. 
 
4. Conclusions 
 
A CFD study of wind-induced natural ventilation through a refuge floor located at 
building mid-height is presented in this paper. With the presence of a service core at the centre of 
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the refuge floor, the number of enclosing external walls is found to govern significantly the wind-
induced flow patterns and the resulting ventilation rate through the floor. The wind incidence 
angle also leads to significant differences in ventilation rates. In general, the presence of a wall at 
the windward facade is found to reduce the amount of ventilation of the refuge floor. When there 
exists an enclosed corridor aligned in the direction of wind incidence, high-speed wind flow is 
found sweeping through the corridor. This not only increases the direct ventilation rate but also 
induced flow circulation on other part of the flow field. Poor ventilation results if the refuge floor 
is open to one side only. The actual amount of ventilation is expected to depend linearly on the 
ambient wind speed. To assess the risk of smoke logging due to insufficient ventilation, the 
present results, with additional data for other wind incidence angles, need to be combined with a 
statistical wind climate mode to obtain the percentage of time of poor ventilation. If required, 
back-up mechanical ventilation should be provided on the refuge floor. 
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Figure Legends 
 
Fig.1. Example of comparison of flow patterns from CFD and wind tunnel, reproduced from 
Cheng et al 2005a. Flow inside a refuge floor of Case iv: (a) windward side of the 
central service core; (b) leeward side of the central service core. 
 
Fig. 2. Building model and different wall arrangements. 
 
Fig. 3. Wind flow patterns through refuge floor on mid-horizontal plane. (a) Case i; (b) Case 
ii; (c) Case iv; (d) Case vi; (e) Case vii; (f) Case ix. 
 
Fig. 4. Distribution of pressure coefficient along centre of corridors in refuge floors. 
 
Fig. 5. Ventilation rates for different wall arrangements. 
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(a) Windward side of the central service core 
 
 
(b) Leeward side of the central service core 
 
Symbol: Uh = 10.5 m/s which is normal velocity component U taken at the reference 
measuring height (Hh); i.e. 0.85m above floor. 
 
Fig. 1 
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Fig. 2 
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(a) Case i (b) Case ii 
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(c) Case iv (d) Case vi 
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(e) Case vii (f) Case ix 
 
Symbol: 
 
Reference vector  
(1 U/UH) 
 
Fig. 3 
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Fig. 4 
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